Abstract-Microiontophoretic studies using rats anesthetized with chloral hydrate were performed to elucidate the relationship between the striatal cholinergic system and nigrostriatal dopaminergic system. lontophoretic application of carbachol inhibited the spikes elicited by substantia nigra (SN) stimulation in 21 of 24 caudate neurons in which the spikes induced by SN stimulation were inhibited by micro iontophoretically applied domperidone, a dopamine D-2 receptor antagonist. This inhibitory effect was completely blocked by atropine, although the spike generation induced by SN stimulation remained unaffected by the drug.
Abstract-Microiontophoretic studies using rats anesthetized with chloral hydrate were performed to elucidate the relationship between the striatal cholinergic system and nigrostriatal dopaminergic system. lontophoretic application of carbachol inhibited the spikes elicited by substantia nigra (SN) stimulation in 21 of 24 caudate neurons in which the spikes induced by SN stimulation were inhibited by micro iontophoretically applied domperidone, a dopamine D-2 receptor antagonist. This inhibitory effect was completely blocked by atropine, although the spike generation induced by SN stimulation remained unaffected by the drug.
However, carbachol did not affect the glutamate-induced firing of the caudate neurons of which the spikes induced by SN stimulation were inhibited by application of both domper idone and carbachol.
Furthermore, carbachol had inhibitory effects on the spikes induced by SN stimulation even after the systemic application of bicuculline.
In contrast, in 17 of 24 caudate neurons in which the spikes induced by SN stimula tion were not affected by domperidone, carbachol did not inhibit the spikes induced by SN stimulation.
These results suggest that the muscarinic receptors located on the SN-derived dopaminergic nerve terminals mainly play a role in inhibiting inputs from the SN to the caudate neurons, probably by reducing the release of dopamine from the nerve terminals.
Striatal nucles neurons are generally re garded to be regulated by acetylcholine and dopamine; that is, acetylcholine from intra nuclear interneurons excites and dopamine inhibits the neuron, and an imbalance be tween cholinergic and dopaminergic ac tivities results in extrapyramidal disorders such as Parkinson's disease (1, 2 In two additional experiments, one barrel of the micropipette was filled with 1 M GABA (Sigma, pH 4.0) in addition to the drugs mentioned above. Bicuculline (0.4 mg/kg, Sigma) dissolved in 0.1 N HCI, diluted with saline and adjusted to pH 5.5 with NaOH, was injected through a cannula into the femoral vein. The effects of carbachol and GABA on the spikes of a caudate neuron in duced by SN stimulation were examined before and 30-40 min after the intravenous injection of bicuculline. Statistical significance of the data was evaluated by Student's or Welch's t-test. Spontaneous and glutamate-induced firings were continuously recorded on a pen-writing recorder (Nihon-Kohden, RJG-41 24) through a spike counter (Dia Medical System, DSE 325P). After the termination of each ex periment, the recording and stimulating sites were marked by applying a direct current of 20 ALA for 2 min and 0.1 mA for 20 sec, respectively, and histologically checked with cresyl violet stain. Typical examples showing recording and stimulating sites are demon strated in Fig. 1A and B, respectively. Further details of the procedures have been described elsewhere (5, 16, 17) .
Results
The following results were obtained from 50 neurons, which were histologically con firmed to be located in the CN and in which spikes were also confirmed to be trans synaptically elicited by SN stimulation, as previously reported (5, 16, 17) ; that is, when repetitive stimuli were applied to the SN, a neuron in which spikes failed to follow high frequency stimuli of over 50 Hz was con sidered to be transsynaptically activated. Effects of domperidone on the spikes induced by SN stimulation: Figure 2 shows the typical spikes elicited by SN stimulation in the caudate neuron, and Fig. 3 indicates the poststimulus latency histogram in the same caudate neuron. Stimulus applied to the SN usually produced one spike with a mean latency of 5.86±0.21 msec (±S.E.) (n=48) ranging from 4.00 to 11.00 msec. When domperidone was microiontophoretically ap plied at doses of 50-100 nA, a significant (P<0.05) inhibition of spike generation upon SN stimulation was observed in 24 of the 48 neurons (Fig. 2B and Fig. 3B ), although no effects were seen in the remaining 24 neurons. Subsequently, effects of current were examined in each neuron by applying Na+ and CI-, and a current up to 100 nA was confirmed to have no effects on the latency or amplitude of the spikes induced by SN stimulation before proceeding to the next step of the experiment (Fig. 2E and Fig. 3E ). The caudate neurons were classified into those in which spike generation upon SN stumulation was inhibited by iontophoreti cally applied domeridone (type I neurons), and those in which it was not (type II neurons). During iontophoretic application of 50-100 nA of domperidone, the average number of spikes/stimulus of 24 type I neurons upon SN stimulation was signifi cantly (P<0.01) reduced to 0.45±0.04 from 0.97±0.01, but that of 24 type I I neurons was unaltered (Table 1 ). In addition, the mean spike latency of 24 type I I neurons was signifi cantly (P<0.01) longer than that of type I neurons, and the distribution of the spike latencies of the former neurons (4.10 tol 1.00 msec) was wider than that of the latter neurons (Fig. 4) .
Effects of carbachol and atropine on the spikes induced by SN stimulation: lonto phoretic application of carbachol at doses of 50-100 nA inhibited spike generation upon SN stimulation in-the type I neuron (Fig. 2C and Fig. 3C ). When the effects of 50-100 nA of carbachol were examined in 24 type I neurons, a significant (P<0.05) reduction of spike number upon SN stimulation was seen in 21 (88%) type I neurons, and the averge number of spikes/stimulus was also signifi cantly (P<0.01) reduced to 0.55±0.05 from 0.97±0.01 (Table 1) . However, none of the 24 type I neurons exhibited excitation during application of up to 100 nA of carbachol. Table 2 . Next, we examined the effects of atropine on carbachol-induced inhibition of the spike generation upon SN stimulation in 9 type I neurons. Atropine at doses of 20-30 nA was iontophoretically ap plied for 30 sec, and then 50-100 nA of carbachol was applied simultaneously with atropine for 75 sec. Atropine did not affect the spike generation upon SN stimulation in any of the 9 neurons tested. Under these con ditions, the inhibition by carbachol of the spikes induced by SN stimulation was an tagonized by atropine in all neurons examined (Figs. 2D and 3D) . The average number of spikes/stimulus in 9 neurons upon SN stimu lation was significantly (P<0.01) decreased to 0.40±0.04 from 0.97±0.02 during ionto phoretic application of carbachol and in creased again to 0.96±0.03 during simul taneous application of carbachol and atropine (Table 3) . Effects of carbachol on glutamate-induced firing: To determine whether carbachol acts on the cell body or presynaptic terminals in the caudate neurons, the effects of carbachol on glutamate-induced firing were examined in 5 type I neurons, of which the spikes in duced by SN stimulation were inhibited by both domperidone and carbachol. lonto phoretically applied carbachol at doses of 50-100 nA did not affect the amplitude of the spike, increase spontaneous firing, or alter the rate of glutamate-induced firing in the 5 neu rons (Fig. 5) .
Effects of bicuculline on the inhibitory effects of carbachol and GABA: Bicuculline was systemically applied to determine wheth er or not carbachol-induced inhibition of the spike generation was mediated by an intrinsic GABAergic system of the CN. Figure 6B and C show that microiontophoretically applied carbachol at a dose of 75 nA and GABA of 50 nA inhibited the spikes of a type I neuron induced by SN stimulation before the systemic application of bicuculline. After subsequent injection of bicuculline, there was no altera tions of inhibitory effects produced by carba chol on the spikes induced by SN stimulation, while the inhibition by GABA was completely blocked (Fig. 6E and F) . In another experi ment, similar results were also obtained. Table 3 . Effects of microiontophoretic application of atropine (20-30 nA) on the inhibitory effects of carbachol (CCh: 50-100 nA) upon spike generation of caudate neurons, in which spike firing following stimulation of the substantia nigra was blocked by both domperidone (50-100 nA) and CCh Fig. 5 . Effects of iontophoretic application of car bachol (CCh: 100 nA) on glutamate (G: 20 nA) induced spikes of two different caudate neurons (A and B), in which spikes elicited by substantia nigra stimulation were inhibited by both domperidone and CCh at doses of 100 nA. Na+ was applied at a dose of 100 nA. Periods during drug application are in dicated by horizontal bars.
Discussion
The present study in the rat confirmed the previous findings in the cat that spikes elicited by SN stimulation were blocked by ionto phoretically applied domperidone, a dopa mine D-2 receptor antagonist (18), in ap proximately 50% of the caudate neurons responding to SN stimulation. As discussed previously, such neurons are considered to receive dopaminergic excitatory input from the SN via D-2 receptors located in the dendritic spine, since the neurons are also activated by bromocriptine, a D-2 agonist (5-6). The remaining neurons unaffected by domperidone are considered to receive non dopaminergic input from the SN, since non dopaminergic neurons are also included in the SN (19-21). However, the possibility that some of the type II neurons, of which the spikes induced by SN stimulation were not blocked by domperidone, were polysynap tically activated by SN stimulation could not be excluded, because the latency of the type II neurons upon SN stimulation was relatively inconsistent as compared with that of type I neurons and the mean spike latency of the former was longer than that of the latter.
When carbachol, which is not inactivated by cholinesterase, was applied to the caudate neurons receiving both dopaminergic and non-dopaminergic inputs from the SN, no activation was observed in 47 of 48 neurons. This observation is in contrast to the findings by Misgeld et al. (11) (12) (13) (10) and from the frontal cortex and globus pallidus (8) . Unlike these cholinoceptive neurons, spike generation obtained upon SN stimulation in our study was inhibited by carbachol in the neurons of which the spikes induced by SN stimulation were blocked by domperidone, a dopamine D-2 receptor an tagonist, while that of the domperidone insensitive neurons was mostly unaffected. In addition, carbachol-induced inhibition was antagonized by atropine. Therefore, these results suggest that muscarinic receptors play a role in inhibiting the dopaminergic excita tion of the neurons from the SN. by the drug, the inhibition is considered to act on the dopaminergic nerve terminals, resulting in the reduction of the release of dopamine. This speculation is sup ported by receptor binding studies that re vealed the presence of muscarinic receptors on dopaminergic nerve terminals and de creased binding levels following destruction of nigrostriatal dopaminergic neurons by 6 hydroxydopamine (22-25). However, Takagi and Yamamoto reported that carbachol inhi bited the spike generation of the caudate neurons upon cortical stimulation, but not that upon SN stimulation (14). The lack of the effect of carbachol on the spikes induced by SN stimulation may be due to the findings that the drug has no effect on the neuron receiving non-dopaminergic input from the SN, as discussed above.
On the other hand, there is a possibility that GABA is released from the GABA con taining neurons in the CN, thereby inducing an inhibition of the spikes induced by SN stimulation (26-28). However, this pos sibility is unlikely, since the carbachol induced inhibition was still observed after treatment with bicuculline.
There are several reports on acetylcholine inhibiting or enhancing the release of dopa mine in the CN. However, the results are in conclusive, since both inhibition (29, 30) and facilitation (31) (32) (33) of the release of dopa mine by potassium and electrical stimulation from the CN slice and synaptosomes have been observed following application of acetylcholine, carbachol and oxotremorine. Nevertheless, our findings that carbachol, an acetylcholine receptor agonist, inhibited dopaminergic excitation of the caudate neurons receiving input from the SN without affecting glutamate-induced firing, and that this inhibition was blocked by atropine, strongly suggest that muscarinic receptors on the dopaminergic nerve terminals play a role in inhibiting the release of dopamine, which activates the caudate neuron via dopamine D-2 receptors.
